Introduction
Platinum compounds constitute one of the most widely used classes of anti-cancer drugs. Approximately half of all cancer patients receiving chemotherapy are treated with cisplatin, carboplatin or oxaliplatin (figure 1). Testicular cancer responds particularly well to cisplatin treatment and, following introduction of this drug into clinical use, cure rates have exceeded 95% [1] . Platinum drugs are also used in the treatment of ovarian, bladder, non-small-cell and small-cell lung cancer, melanoma, lymphomas, myelomas, head and neck cancer, and colon cancer [2] . All three of these drugs are squareplanar platinum(II) complexes, bearing two inert 'nonleaving group' ligands and two labile 'leaving group' ligands. Despite the success achieved by these drugs, issues of resistance and toxicity continue to prompt the development of new and improved therapies. Extensive studies in our laboratory and elsewhere have revealed many of the details of the mechanism by which these platinum complexes exert their anti-cancer effect. We currently are applying the experience and mechanistic insights accrued over the past decades to develop novel metal-based therapeutics. Although our work has focused on the use of platinum metal centres, recent findings have convinced us of the validity of pursuing complexes of other transition metals as potential drug candidates. We begin this article with a summary of the mechanism of action of the classical bifunctional platinum(II) drugs and then describe our work on non-classical monofunctional platinum(II) complexes. Finally, we discuss more recent studies to investigate octahedral complexes of earlier third row transition metal ions.
Mechanism of action of classical platinum anti-cancer agents
The mechanism of action of the three platinum drugs approved by the United States Food and Drug Administration (FDA) and the European Medicines Agency (EMA), as well as structurally related platinum(II) complexes, can be divided into four distinct sequential processes: (i) cellular uptake, (ii) aquation/activation, (iii) DNA platination, and (iv) cellular processing leading to apoptosis (figure 2). Each of these processes will be treated in turn. (a) Cellular uptake
Platinum chemotherapy is administered intravenously as a saline solution of the metal complex. The dissolved complex must pass through the cell membrane in order to interact with the target, nuclear DNA. Early reports of the uptake of cisplatin presented conflicting data regarding whether uptake was mediated by passive diffusion or active transport. It is currently accepted that some combination of the two most likely occurs [3] . Recently, much work has centred on the importance of copper transporters, such as CTR1, which can mediate uptake of cisplatin by yeast [4, 5] . Although some evidence suggests that in human cells CTR1 can take up cisplatin and deliver it in a form that is capable of binding DNA and triggering apoptosis [6] , iconoclastic data continue to emerge [7] . Other membrane proteins may also play a role in the uptake of platinum drugs and, in collaboration with the Giacomini laboratory, we showed that cells overexpressing the organic cation transporters OCT1 and OCT2 were significantly more sensitive to oxaliplatin than cisplatin [8] . This work with organic cation transporters led to our rediscovery and extension of the anti-cancer activity of cation monofunctional compounds, as will be described below [9] .
(b) Aquation/activation DNA. Carboplatin and oxaliplatin are significantly more stable to aquation, as expected because of the chelating nature of the leaving group ligand. Carboplatin is stable for up to 60 days in water [12] , but direct substitution of one of the carboxylates by nucleobases is possible without the need for an aqua intermediate [13] . It has been proposed that carbonate can activate carboplatin [14] , but this mechanism is not operative with cisplatin [15] . The aquation of oxaliplatin is also much slower than that of cisplatin, with a rate constant of 1.2 × 10 −6 s −1 at 37 • C in 10 mM HEPES buffer (pH 7.4) [16] .
(c) DNA binding
As described above, cisplatin rapidly binds DNA following aquation if the biopolymer is present. The most nucleophilic site on DNA is the N7 position of guanine, which is exposed in the major groove, and these sites are preferentially platinated. An important development in the field of platinum anti-cancer drug research came with the realization, guided by experiments with restriction endonucleases and measurements of DNA buoyant densities, that stretches of guanine residues are preferentially platinated over isolated guanine residues [17] . These experiments, inter alia, led to the recognition of the importance of the ability of cisplatin to cross-link adjacent DNA bases. We and others have worked to elucidate the structures of these cross-links. Crystallographic characterization of the dinucleotide adduct cis-[Pt(NH 3 ) 2 {d(pGpG)}] revealed that platination induces significant destacking of the guanine rings [18] . Subsequent crystallographic characterization of a sitespecifically cisplatin-platinated dodecamer duplex DNA, bearing a 1,2-cis-{Pt(NH 3 ) 2 } 2+ -d(GpG) intrastrand adduct, revealed the significant kink that is introduced into DNA upon platination [19] . Many subsequent studies by us and others have led to the characterization of the structures of the 1,3-cis-{Pt(NH 3 ) 2 } 2+ -d(GpTpG) intrastrand adduct formed by cisplatin and carboplatin, the 1,2-cis-{Pt(R, R-DACH)} 2+ -d(GpG) intrastrand adduct formed by oxaliplatin, the 1,2-cis-{Pt(NH 3 )(NH 2 C 6 H 11 )} 2+ -d(GpG) intrastrand adducts formed by satraplatin, and the cis-{Pt(NH 3 ) 2 } 2+ -d(GG) interstrand cross-link formed by cisplatin [20] . In addition, the structure of DNA bearing a 1,2-cis-{Pt(NH 3 ) 2 } 2+ -d(GpG) intrastrand cisplatin adduct complexed with the high mobility group box protein HMGB1 was solved [21] as was the structure of a platinated nucleosome core particle prepared from histone octamer proteins and double-stranded 146-mer DNA bearing the site-specific 1,3-cis-{Pt(NH 3 ) 2 } 2+ -d(GpTpG) cross-link [22] .
(d) Cellular processing
When cells experience DNA damage, a common response is to halt progression of the cell cycle so as to allow the damage to be repaired before it passes on to daughter cells, preventing the transmission of dangerous mutation-inducing lesions. The DNA damage that results when cells are treated with cisplatin induces cell cycle arrest at the G2 stage [3] . This arrest is mediated by ATM and ATR via CHK1 and CHK2. Studies suggest that G2 arrest is essential for inducing apoptosis following cisplatin treatment [23] . The main form of DNA repair that is used to remove bifunctional cisplatin lesions is nucleotide excision repair (NER) [3] . This repair scheme uses a multitude of proteins to remove a 30-mer oligonucleotide containing the platinated site and uses the complementary, now single-stranded, DNA to template the synthesis of a new oligonucleotide to replace the excised piece. If the damage cannot be repaired, the cells initiate a process of programmed cell death known as apoptosis. The p53-regulated expression of pro-apoptotic genes including BAX increases following DNA damage, leading to release of cytochrome c from mitochondria, subsequent cleavage of procaspase 9, and activation of caspases 3, 6 and 7 [24] . These caspases degrade components of the cell that are essential for viability. 
Monofunctional platinum anti-cancer agents (a) Pyriplatin: rediscovery of the potential of monofunctional platinum(II) complexes
Much of the anti-cancer research conducted in our laboratory has centred on uncovering aspects of the mechanism of bifunctional platinum compounds of the kind clinically used [3, 25, 26] . As mentioned above, we investigated the role of the organic cation transporters in the mechanism of action of oxaliplatin [8] . Greater expression of this protein in cancer cells correlated with cytotoxicity. Following this study, we prepared a variety of platinum complexes with organic ligands chosen such that each complex bore an overall positive charge. The hypothesis was that such constructs should act as more efficient substrates for the OCTs. The complex that gave the best results, far better than those of oxaliplatin, was cationic cis-diamminepyridinechloroplatinum(II), also referred to as cDPCP or pyriplatin (figure 1) [27] . The anti-cancer activity of this compound had been investigated previously in an animal model [28] , but only a small number of follow-up studies on related compounds were performed [29] . In addition to significant organic character and cationic charge, pyriplatin is of interest because only one labile chloride ligand is present in the coordination sphere. Consequently, pyriplatin is expected to form only one covalent bond with DNA, precluding the bending induced by bifunctional platinum complexes such as cisplatin. Monofunctional platinum complexes had long been considered inactive [30] . The possibility that a significantly different type of DNA adduct would be formed by pyriplatin, however, suggested that it might have a novel spectrum of activity. Investigation of the cytotoxicity of pyriplatin in cultured mammalian cancer cell lines revealed a distinct spectrum of activity, although the overall potency of the compound was more than an order of magnitude less than that of cisplatin [27, 31] . The potential mechanistic differences between pyriplatin and conventional platinum-based anti-cancer agents prompted further study. In the course of this investigation, we determined the crystal structure of a DNA duplex site-specifically platinated with pyriplatin [27] . The crystallographic results revealed that, unlike bifunctional cross-links, the monofunctional adduct induced very little change in the overall structure of the DNA double helix ( figure 3) .
The adduct was, however, capable of stalling RNA polymerase II (RNA pol II), and transcription inhibition was proposed to be the origin of its cell-killing activity. A structural analysis of RNA pol II stalled at a site-specific pyriplatin lesion suggested that, by increasing the steric bulk of the N-heterocyclic ligand, it might be possible to increase transcription inhibition and consequential cytotoxicity [32] . From a panel of different N-heterocyclic ligands, Am, a series of complexes having the formula cis-[Pt(NH 3 ) 2 Cl(Am)] + was prepared [33] . The compound for which Am is phenanthridine showed the most significant results and was termed phenanthriplatin (figure 1).
(b) Phenanthriplatin: a potent monofunctional complex
Phenanthriplatin, like pyriplatin, exhibits a distinct spectrum of activity in cultured cancer cells [33] . When the data from the panel of 60 cell lines maintained by the National Cancer Institute (NCI60) were investigated using the COMPARE algorithm [34, 35] , the spectrum of activity of phenanthriplatin was distinct, not only from that of cisplatin but also from that of any other platinum agent that had previously been analysed by this assay. Unlike pyriplatin, the overall potency of phenanthriplatin is significantly greater than that of cisplatin. Phenanthriplatin DNA adducts are also able to inhibit RNA pol II [33] . A detailed study of the kinetics of RNA pol II transcription of site-specifically phenanthriplatin-platinated DNA probes revealed that CTP typically inserts in an error-free manner opposite to the platinated dG, and that further elongation is arrested [36] .
A number of the features of the molecular structure of the phenanthriplatin complex cation merit discussion. Phenanthridine coordinates to platinum such that the plane of the aromatic ligand is perpendicular to the metal coordination plane. The asymmetry of the phenanthridine ligand about the metal coordination plane results in one face of the complex being partially occluded by a C−H group and has been proposed to act as a steric block (figure 4) [33] , reducing the rate of deactivation by biological thiols in a manner similar to that proposed for picoplatin, cis-ammine(α-picoline)dichloroplatinum(II) [37] . The asymmetry of the phenanthridine ligand also causes the complex to be chiral [38] . The conformational dynamics of diastereomeric analogues of phenanthriplatin confirm that the two enantiomers of phenanthriplatin rapidly interconvert, and, therefore, no advantage is gained by using enantiomerically resolved material in anti-cancer activity assays [39] .
The large, planar aromatic phenanthridine ligand might implicate intercalation as a DNAbinding mode for phenanthriplatin, but analysis of competition Scatchard plots obtained by probing the affinity of ethidium bromide for DNA in the presence of this novel monofunctional platinum compound confirmed that it interacts with DNA in a purely covalent manner [33] . The interaction of phenanthriplatin with DNA in Escherichia coli provided further evidence to support the hypothesis that DNA is the ultimate biological target of this anti-cancer agent (figure 4). Unlike monofunctional platinum(II) complexes with little or no anti-cancer activity, phenanthriplatin was able to replicate the filamentous growth morphology that cisplatin induces in E. coli [40] . This phenotype arises from induction of the bacterial SOS response as a result of DNA damage. Small molecule models of the phenanthriplatin-DNA lesion were prepared by substituting the chloride ligand of phenanthriplatin for 9-alkylguanine [39] . The guanine derivatives coordinate via the nucleophilic N7 position and are oriented perpendicular to the coordination plane. In the same fashion as phenanthridine, guanine is asymmetric about the platinum coordination plane and consequently serves as a source of chirality. As a result of the chirality about both phenanthridine-and guanine-platinum bonds, diastereomers arise. Diastereomerism therefore arises upon platination of DNA irrespective of the chirality of the double helix or the chiral carbon atoms of the deoxyribose rings. Surprisingly, the model complexes exhibited a preference for one diastereomeric form both in solution and in the solid state ( figure 4) . The origin of this preference is hydrogen bonding between the O6 carbonyl of the guanine ring and the cis-coordinated ammine ligand.
Studies of translesion DNA synthesis past phenanthriplatin adducts demonstrated that this complex can block not only RNA polymerases but also DNA polymerases. DNA pol η is a particularly promiscuous translesion synthase that is capable of bypassing naturally occurring cyclobutane pyrimidine dimers as well as the cisplatin 1,2-cis-{Pt(NH 3 ) 2 } 2+ -d(GpG) cross-link [41] . A detailed investigation of the kinetics of lesion bypass by DNA pol η indicates that the incoming dCTP is able to properly insert opposite a platinated dG, but that further elongation is stalled [42] . These biochemical results were corroborated by an X-ray crystallographic study of pol η stalled at different stages of translesion synthesis. The structural data also confirmed that the orientational preference, observed in the small molecule studies described above [39] , was preserved in the macromolecular structures and that the preferred diastereomer is the one responsible for arresting the polymerase [42] .
Other third row transition metal complexes
In addition to providing potent non-classical anti-cancer agents that are being actively pursued as possible clinical candidates, our studies of monofunctional Pt(II) complexes revealed that other third row transition metal complexes might be worth consideration as anti-cancer drug candidates. Although other researchers have investigated the anti-cancer potential of complexes of these metals, we long refrained from doing so. One reason was that, based on studies of cisplatin, DNA base cross-linking as encountered with bifunctional Pt(II) complexes appeared to be essential for activity [25, 30] . The bending of DNA induced by cross-linking blocks the areas above and below the coordination plane and precludes DNA cross-linking by octahedral complexes. Third row transition metal complexes to the left of platinum in the periodic table tend to be six-rather than four-coordinate. The crystal structure of pyriplatin-platinated DNA [27] highlights the less congested environment about the metal centre (figure 5), suggesting that octahedral compounds may be able to form monofunctional adducts with DNA. [43] . One of the most striking findings of this study was that peripheral ligand modification dramatically altered the cellular mechanism of action. Complexes having 1,10-phenanthroline and 4,7-diphenyl-1,10-phenanthroline ligands, Os-1 and Os-2, respectively (figure 1), are the most potent and the mechanism by which they induce cell death was investigated in detail. The initial hypothesis, based on previous reports of cytotoxic osmium complexes, was that these compounds would damage DNA. Compound Os-1 is able to cleave the sugar-phosphate backbone of DNA as revealed by gel electrophoresis experiments. Compound Os-2, however, could not. Moreover, unlike the analogue lacking phenyl substituents, it did not appreciably bind to DNA, as determined by osmium atomic absorption spectroscopy. Immunoblotting analyses confirmed that the unsubstituted species Os-1 induces phosphorylation of the histone protein H2AX, as well as CHK1, CHK2 and p53, which is expression of proteins related to the unfolded protein response, a major cellular reaction to ER stress. Microscopic examination of cells treated with both Os-2 and a fluorescent ER-staining dye revealed the organelle to be significantly engorged by comparison with those of untreated cells [43] .
(b) An osmium(VI) compound that targets cancer stem cells Cancer stem cells, or CSCs, are a small sub-population of tumour cells that have been linked to cancer relapse [44] . The association arises from the ability of these cells to self-renew, differentiate and remain untouched by conventional chemotherapy and radiotherapy [44, 45] . The realization that CSCs may contribute to cancer recurrence prompted an intense search for small molecules that specifically target CSCs in the expectation that these compounds can be combined with conventional chemotherapeutic agents to provide more sustained responses [46] . The Os(VI) nitrido complex Os-1 is specifically toxic to CSCs. [47] . The breast cancer cell line HMLER can be enriched in CSCs and this enriched population can be used to assess the selectivity of anticancer agents for CSCs [48] . Os-1 depleted CSCs from an enriched population of breast cancer cells. Furthermore, the compound inhibits the formation of breast CSC mammospheres to a similar extent to salinomycin, the most selective breast CSC-targeting compound identified to date (figure 7) [46] . Mammospheres are discrete spheroid structures formed by breast cancer progenitor cell lines [49] . These results demonstrate the ability of transition metal complexes to specifically target CSCs and suggest their utility in chemotherapy aimed at targeting both tumour and tumour progenitor cells.
Future directions
The foregoing results have inspired a more extensive exploration of complexes of the earlier third row transition metals. We have already uncovered the ability of certain high-valent rhenium species to trigger a relatively unexplored cell-killing pathway. We have also recently obtained promising results with organometallic tantalum complexes. Although platinum complexes have proved very important in the clinical management of cancer, and will continue to be a subject of much research in our laboratory, the diversity offered by other metal species should provide access to compounds capable of exerting biological activities not commonly exhibited by drugs in the clinic today. In particular, chemotherapeutic regimens containing a compound capable of selectively targeting cancer stem cells, such as the Os(VI) compound described above, will allow cancers to be driven into remission and eliminate recurrence.
